T ransthoracic echocardiography (TTE) is a noninvasive and readily available diagnostic technique that is seeing increased perioperative use by anesthesiologists. 1 A focused, goal-directed examination can be performed in less than 10 minutes, has been shown to alter patient management, and may improve outcomes. 2-4 A prospective observational study demonstrated that a focused TTE performed by anesthesiologists resulted in alterations in management in 84% of patients and the results correlated with cardiologists' formal results in 90% of cases. 5 In the hands of a trained anesthesiologist, clinical information may be obtained quickly when sufficient time is lacking to obtain a formal TTE examination.
BACKGROUND: The clinical utility of focused transthoracic echocardiography (TTE) is increasingly recognized in perioperative medicine. However its use is limited among anesthesiologists because of a lack of training. The most efficient training methods have not been determined. We hypothesized that simulation-based TTE training would be more effective than traditional lecturebased methods for teaching basic TTE skills to the anesthesiology residents. METHODS: In this prospective randomized study, 61 anesthesiology residents (in anesthesia clinical training years 1 to 3) were randomized to either control (n = 30) or simulation groups (n = 31) for TTE training. A standardized pretest was administered before TTE training sessions of 45 minutes each. The first training session used a lecture-based video didactic in the control group or a TTE simulator in the simulation group. Comprehension in both groups was then assessed using a written posttest and by performing a TTE examination on a volunteer subject. TTE examinations were graded on the ability to acquire the correct image, image quality, anatomy identification, and time required to attain proper imaging by 2 blinded experts. A second training session incorporating "hands-on" training with a volunteer subject was conducted in a subset of 21 residents (n = 11 control, n = 10 simulation). The simulation group included additional simulator training. After the second session, another posttest on a volunteer subject was administered. RESULTS: Pretest scores revealed similar preintervention knowledge among residents (56.0% ± 11.9% vs 59.3% ± 11.0%, P = 0.25; control versus simulator group, respectively). The simulation group scored higher on all criteria after the first training session: written posttest (57.9% ± 8.8% vs 68.2% ± 10.1%; P < 0.001), volunteer subject posttest image quality scores (0 to 25 scale) (6.4 ± 3.5 vs 12.4 ± 4.2; P = 0.003), anatomy identification scores (0 to 25 scale) (8.3 ± 6.6 vs 17.8 ± 6.6; P = 0.003), and percentage correct views (50 ± 19 vs 78 ± 21; P < 0.001). After the second session, all scores were again improved in the simulation group: volunteer subject posttest image quality scores (9.6 ± 3.3 vs 15.6 ± 2.8; P = 0.002), anatomy identification scores: (17.6 ± 3.8 vs 22.8 2.4; P = 0.003), and percentage correct views (80 ± 16 vs 96 ± 8; P = 0.007). DISCUSSION: This prospective randomized study demonstrated that anesthesiology residents trained with simulation acquired better skills in TTE image acquisition and anatomy identification on volunteer subjects. The educational benefit of simulation persisted even with introduction of hands-on instruction with volunteer subjects in both groups. The impact of these short-term educational approaches on longer-term retention and actual clinical application warrants further investigation. (Anesth Analg 2012;115:1042-51) a TTE simulation tool has become available (Heartworks, Inventive Medical Ltd, London, UK). Simulation allows interactive TTE learning using a virtual 3-dimensional model of the heart and may aid in the acquisition of the cognitive and technical skills needed to perform TTE. 7 The ability to link probe manipulation, cardiac anatomy, and echocardiographic images using a simulator has been shown to be an effective model for training anesthesiology residents in transesophageal echocardiography. 9 We hypothesized that simulation-based TTE training would be more effective than traditional teaching methods, and that the educational benefits of TTE simulation compared to traditional didactics would be sustained with subsequent addition of volunteer subject training in both groups. The goal of this prospective randomized study was to examine the use of simulation in teaching basic principles of echocardiography and TTE skills of image acquisition and anatomy recognition to anesthesiology residents.
METHODS

Study Protocol
After IRB approval and written informed consent, 61 residents in anesthesia clinical training years 1 to 3 (CA-1 to -3) at the David Geffen School of Medicine at the University of California at Los Angeles enrolled in this study. Data were analyzed on 59 residents; 2 did not complete the study and their data were removed from analysis. Before enrollment, all eligible residents were randomized to either a simulator or control group within their training year using the randomization function in Microsoft Excel. A written pretest, created by attending cardiac anesthesiologists, was administered to all residents. It consisted of 20 multiple-choice questions covering basic principles of echocardiography, indications for TTE, common transthoracic echocardiography views, cardiac anatomy identification, and clinical correlations (Appendix 1). Pretest scores were analyzed to ensure there were no significant differences in pretraining knowledge between the simulator and control groups. After the pretest, all residents participated in the first TTE training session followed by a written and volunteer subject posttest. A subset of residents then participated in a second training session followed by a second volunteer subject posttest ( Fig. 1 ).
First TTE Training Session
The first training session lasted 45 minutes for each group. Subjects were instructed on basic echocardiography principles, cardiac anatomy, indications for TTE, limitations of TTE, standard TTE views, instructions for probe manipulation, and the ability of TTE to aid in the diagnosis of volume status and ischemia. The 5 TTE views subsequently tested were taught during this session. The same information was given to each resident, and the same instructors gave the lectures to both the simulation and the control groups. The control group training session consisted of a video didactic created by an attending cardiac anesthesiologist. During the video, an attending cardiac anesthesiologist was present to answer questions. The simulator group training session used a Transthoracic Echocardiography Simulator (Heartworks, Inventive Medical Ltd) (Appendix 2) and included a 15-minutes introduction including the indications of TTE, limitations of TTE, and basic echocardiography principles. Residents were then split into pairs for 30 minutes of simulator time. Each participant had 15 minutes of directed individual simulator time while the other participant observed, and then they switched roles.
Assessment of TTE Skills After First Training Session
After the first training session, each resident took a written posttest on subject matter taught in the training session and performed a volunteer subject TTE examination within 3 to 5 days. The written posttest was comprised of 20 questions testing cognitive skill acquisition including basic www.anesthesia-analgesia.org ANESTHESIA & ANALGESIA principles of echocardiography, indications for TTE, common transthoracic echocardiography views, cardiac anatomy identification, and clinical correlations (Appendix 1). For the volunteer subject posttest, residents obtained 5 TTE views in the parasternal and apical imaging windows. These 2 imaging windows were chosen because they show the highest yield for obtaining hemodynamic information during implementation of abbreviated Focused Assessed Transthoracic Echocardiography (FATE) protocols in postsurgical and intensive care patients. 12, 13 The 5 views included left parasternal long-axis, left parasternal right ventricular inflow, parasternal midpapillary left ventricle short-axis, apical 4-chamber, and apical 2-chamber. All examinations were done with adequate TTE imaging windows on 1 thin healthy volunteer in the department; the images were obtained with a GE vivid S6 echo system (General Electric, Milwaukee, WI). Each resident had 10 minutes to obtain the 5 views. A cardiac anesthesiologist assisted with technical aspects of recording the acquired images for subsequent anatomy identification but did not give any guidance on how to acquire a specific view. Once the resident acquired their "best" view, the image was frozen, and the residents identified the cardiac anatomical structures described in Appendix 3. Two separate blinded expert cardiac anesthesiologists trained in TTE served as the graders. The first grader, blinded to the group assignment, was present during the volunteer subject examination. This grader gave each image a score based upon visualization of anatomic structures comprising the standard view and the overall quality of the image. The second grader viewed the images offline and was blinded to both resident identity and group assignment. The second grader gave each image a score based upon visualization of anatomic structures comprising the standard view and the overall quality of the image. Criteria for the score are included below.
Grading of Residents on TTE Views (Appendix 3: Grading Sheet)
TTE examinations were graded by 2 experts blinded to the assigned group on the ability to acquire the correct image, image quality, anatomy identification, and time required to attain proper imaging. The view quality was scored from 0 (worst) to 5 (best) with a total score of 25 possible points. The score was based on the assessment of the quality of the image as well as an assessment of relevant cardiac structures included in each view. The number of views (of 5) that each resident was able to correctly obtain was reported as percent correct views obtained.
Once each view was acquired, the resident was prompted to identify the cardiac structures within that view, with a total anatomy identification score of 25 points possible. The time for each view was noted with the maximum time allowed being 120 seconds. If a participant did not obtain the view, a time of 120 seconds was assigned, and the participant was assigned a score of 0 points for anatomic identification and image quality.
Second TTE Training Session
Three weeks after the first training session, a convenience sample of 21 residents from our original cohort was given a second training session. Residents remained in their original groups and neither subgroup displayed significant divergence from pre-and posttest scores when compared to their original cohorts. Each group had an additional 45 minutes of TTE training. In the control group, the residents observed a 15-minute TTE examination on a volunteer subject performed by an attending cardiac anesthesiologist. The control group then had 15 minutes of directed training on a volunteer subject and 15 minutes spent observing their colleagues. The 5 TTE views subsequently tested were again taught during this session.
The simulation group observed a 15-minute TTE examination performed by an attending cardiac anesthesiologist on the simulator, which covered the same topics presented to the control group during their observed TTE examination. The simulator group then had 15 minutes of directed training on a volunteer subject and 15 minutes spent observing their colleagues.
Assessment of TTE Skills After Second Training Session
The residents took another volunteer subject posttest 3 to 5 days after the second TTE training session with the same guidelines and grading system as the first volunteer subject posttest. TTE examinations were graded by 2 experts blinded to the assigned group on the ability to acquire the correct image, image quality, anatomy identification, and time required to attain proper imaging. All examinations were done on 1 standardized patient and the images were obtained with a GE Vivid S6 echo system (General Electric, Milwaukee, WI). The same 2 attending cardiac anesthesiologists (A.M., J.H.) graded both the first and second posttests.
Statistical Analysis
Data are presented as mean ± SD. Statistical analyses were performed using SPSS 16.0 (SPSS, Chicago, IL). Comparisons between simulator and control groups for pre-and posttest scores and for time to obtain views were performed using 2 × 3 ANOVA methods. Tukey's test for multiple comparisons was performed as a post hoc test for determining significance. Nonparametric data, including image quality and anatomy score by view, were compared using the Kruskal-Wallis test. A P value <0.05 was considered statistically significant.
The pre-and posttests were each given to 5 novices and 5 experts (not enrolled in the study) on 2 consecutive days for test validation. A Cronbach's α coefficient was used to determine internal consistency of the tests. Interrater variability between the 2 independent experts for grading of the TTE views was assessed using the Krippendorf α analysis. A post hoc power calculation to determine 80% power using a 2-sided α and P ≤ 0.05 was done for both the first and second training sessions.
RESULTS
There was no difference in baseline knowledge between the simulator and the control groups as assessed by the written pretest. The mean pretest score for the simulator group was 59.3% ± 11.0% and the mean pretest score for the control group was 56.0% ± 11.9% (P = 0.25). There was no difference as a total group and no difference within each training year (P = 0.28). After the first training session, there was a statistically significant difference between the simulator and control groups as evaluated by the written posttest. The mean posttest score for the simulator group was 68.2% ± 10.1%, and the mean posttest score for the control group was 57.9% ± 8.8% (P < 0.001). There was a statistically significant difference between simulator and control groups for the CA-2 and CA-3 trainees (Fig. 2) .
Results from the first training session are summarized in Figures 3 and 4 . There were 30 trainees in the simulation group (12 CA-1, 8 CA-2, 10 CA-3) and 29 in the control group (11 CA-1, 9 CA-2, 9 CA-3). Residents in the simulation group obtained higher quality images (maximum score of 5 per view/total of 25) (image quality score 12.4 ± 4.2 versus control 6.4 ± 3.5; P = 0.003). The residents were given a list of cardiac anatomic structures to identify (Appendix 3) and residents in the simulation group were able to identify more anatomic structures correctly (25 total per view: left parasternal long-axis, 7; left parasternal right ventricular inflow; 3; parasternal midpapillary left ventricle short-axis, 6; apical 4-chamber, 6; and apical 2-chamber, 3) (anatomy identification score 17.8 ± 6.6 versus control 8.3 ± 6.6; P = 0.003) (Fig. 3a) . Residents in the simulator group correctly obtained 78% ± 21% of the TTE views versus 50% ± 19% in the control group (Fig. 3b) . Residents in the simulator group obtained views more efficiently as demonstrated by the average time per view (simulator 69.0 seconds ± 25.9 versus control 90.3 seconds ± 17.7; P < 0.001) ( Fig. 3b ). When analyzed by each particular view, residents in the simulation group obtained significantly higher quality images and improved anatomy identification scores for all views (P values all = 0.003) (Fig. 4a) .
A breakdown of the first training session by training level showed that residents in the CA-1 and CA-3 simulator groups had statistically significantly better image quality than their colleagues in the control group. CA-2 residents in the simulator group showed improved image quality that was not statistically significant. In addition, residents in the CA-1, CA-2, and CA-3 classes had statistically significantly high anatomy identification scores than their control group counterparts (Fig. 4b) .
The second training session results are summarized in Figures 5 and 6 . There were 10 trainees in the simulation group (4 CA-1, 2 CA-2, 4 CA-3) and 11 in the control group (1 CA-1, 3 CA-2, 7 CA-3). Although both groups improved their overall image quality and anatomy identification scores, the simulation group performed better that the control group (Fig. 5a ). The mean image quality score for the simulator was 15.6 ± 2.8 versus the control group 9.6 ± 3.3 (P < 0.002). The mean anatomy identification was 22.8 ± 2.4 in the simulator group and 17.6 ± 3.8 in the control group (P = 0.003). Residents in the simulator group correctly obtained 96% ± 8% of the TTE views versus 80% ± 16% in the control group. The average time per view in the simulator group was 40.7 seconds ± 16.9 vs 62.4 seconds ± 16.1 (P = 0.007) (Fig. 5b) . www.anesthesia-analgesia.org
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An analysis of the second training session by view showed an improved image quality for the simulation group for the left parasternal right ventricular inflow, parasternal midpapillary left ventricle short-axis, the apical 4-chamber view, and the apical 2-chamber view, all of which were statistically significant. The control group showed improved image quality in the 4-chamber view and parasternal long-axis view, likely due to handson training. In addition, the simulator group showed improved anatomy identification for the parasternal midpapillary left ventricle short-axis, left parasternal right ventricular inflow, and the apical 2-chamber view, which was statistically significant (Fig. 6) .
The interrater variability analysis showed an excellent correlation between the grades for TTE views provided by the 2 independent blinded experts. Krippendorf α analysis of 283 paired data sets between Grader 1 and Grader 2 showed an interrater reliability of 0.87 for the first training session and 0.83 for the second training session. The written pre-and posttests were shown to have a correlation of 1.0 between novice and expert echocardiography test takers. Post hoc sample size calculation in the first training session of the study showed a sample size of 32 per group would provide 80% power using the usual P < 0.05 2-sided α level. Even though the number of residents in the control and simulation group was <32, the results of the study were in fact statistically significant between our control and simulator groups. In the second training session, post hoc sample size calculation determined that a sample size of 8 per group provided an 80% power using a 2-sided α = 0.05.
DISCUSSION
This prospective randomized study demonstrated that anesthesia residents trained with TTE simulation acquired better basic cognitive and technical TTE skills. Residents performed better on the written posttest and demonstrated better anatomic TTE imaging skills, being more proficient at acquiring TTE images, and correctly identifying cardiac anatomy within each image than residents trained using traditional methods. The educational benefit of simulation persisted even with introduction of patient-based instruction in both groups. We found that the TTE simulator is an effective tool to provide basic skills for a focused TTE examination.
After 1 session of simulation, residents were able to obtain higher quality images, and correctly identify cardiac anatomical structures in the acquired views. In addition, after simulation training, residents were able to obtain these views more efficiently, getting a higher percentage of correct views in a shorter time. These differences in the posttest scoring may reflect improved integration of knowledge when the residents were taught with simulation. Residents also showed an improvement in their www.anesthesia-analgesia.org ANESTHESIA & ANALGESIA cognitive skills relating to clinical utility of the basic views, likely due to the interactive nature of simulation-based education. Previous reports have similarly suggested that as simulation becomes more realistic, it creates an environment where both knowledge and technical skills may be better integrated and practiced. 10, 11 After the second simulation training session, residents in the simulation group outperformed the control group again in image acquisition and anatomy identification even though the residents in the control group were given hands-on experience. This suggests that laying a foundation for echocardiography in simulation has a benefit that persists with subsequent training.
After simulation training, residents were able to acquire quality images and identify the correct cardiac anatomical structures >90% of the time. Although this is an initial study evaluating only 1 to 2 TTE training sessions, these results suggest that simulation may play a role in teaching anesthesia residents focused perioperative TTE examinations. The utility of focused TTE examinations is being increasingly seen in the intensive care unit and the emergency room settings. [12] [13] [14] Focused TTE examinations have been already sucessfully used to aid in the diagnosis and therapeutic management of hypotension and hypoxemia, as well as during advanced cardiac life support. [14] [15] [16] Future anesthesiolgists are likely to see an increasing demand for perioperative focused TTE skills in their practice. It seems prudent to start the education process early in their clinical training.
Considerations in TTE Training
The American Society of Echocardiography recommends comprehensive TTE training to include didactics, observed examinations, and hands-on training. 6, 17 Focused TTE examinations as used in the FATE examination and FEEL (Focused Echocardiography Evaluation in Life Support) protocols are abbreviated examinations used for hemodynamic evaluation. 12, 18 The quality and number of echocardiographic images needed for focused examination differs from a comprehensive examination and so will the necessary training. Anesthesia residents in this study were taught 5 common TTE views used in a focused TTE examination, which were chosen for their previously demonstrated clinical utility in hemodynamic assessment. 12, 13, 18 Another cardiac window that is used in FATE protocols is the subcostal window, although the diagnostic yield from this window is substantially less than the apical and parasternal windows. 12, 13 Previous studies have shown that noncardiologists can be taught focused TTE examinations through traditional teaching methods. 14, 18, 19 However, there is little published literature to assess the benefit of simulationbased training in teaching these focused TTE techniques to the novice echocardiographer. Simulation is helpful for teaching TTE for 2 reasons: increased availability of hands-on training and knowledge integration. Anesthesia residents spend the majority of their training in the operating room environment and are limited in the amount of time that they can spend observing or performing echocardiography examinations. As resident work hours are limited because of Accreditation Council for Graduate Medical Education requirements, the flexibility of simulation allows it to be included in education curricula and allows a standard experience for all trainees. 20, 21 Recently, Niazi et al have demonstrated that simulationbased training for anesthesia residents improves their success in performing regional anesthesia techniques. 22 Furthermore, TTE simulation integrates 3-dimensional anatomic relationships and image acquisition in real time.
One side of the screen displays the simulated TTE image, whereas the other side of the screen shows a 3-dimensional model of the heart with the path of the transducer displayed (Appendix 2). The ability to correlate 3-dimensional anatomy and echocardiography is an important component in TTE education. This is demonstrated by the fact that residents in our simulation group had better image acquisition scores after their first training session compared to residents in the control group after their second training session.
Limitations
Residents were posttested on 1 volunteer subject with good transthoracic windows to provide consistency of imaging windows across the groups. This study did not assess the ability of residents to obtain images over a large range of patients of differing body habitus or in clinical scenarios. Although this was not one of the aims of this study, it does serve as a limitation. In addition, the first and second training sessions were spaced 3 weeks apart to minimize confounding outside echocardiography education. Although the simulation group outperformed the control group in the short-term, it is unclear if this superiority will persist.
At this institution each anesthesia class consists of 22 residents for a total of 66 anesthesia residents (CA 1 to 3 years) in the program. Although we were able to analyze data from 59 of the possible 66 residents in the first training session of the study, multicenter studies will be needed to assess the benefit of TTE simulation in clinical training of anesthesiology residents nationally. Although the financial obligation of a TTE simulator is currently significant, teaching anesthesia residents TTE on volunteer subjects is time consuming and logistically difficult because of operating room commitments. Because the second training session involved volunteer subjects, a smaller subset of residents was enrolled. Although this is a limitation of this study and an aim to improve in future studies, it does highlight the benefit of simulation over traditional patient examinationbased teaching. 
CONCLUSIONS
Our study demonstrates that the increased practice and knowledge integration from simulation leads to improved focused TTE skills among anesthesiology residents compared to traditional teaching methods. This may translate into more efficient TTE education and better clinical diagnosis; however, the impact of these short-term educational approaches on longer-term retention and actual clinical application warrants further investigation. E Appendix 2. Sample views of transthoracic echocardiography simulator showing probe manipulation, 3-dimensional simulated cardiac anatomy, and echo-anatomic image correlation. 
